served sequence motifs in this domain have been iden-
Here we describe the X-ray crystal structure of the are similar, with an rms deviation of 0.6 Å and 1.1 Å for proteins and RNAs, respectively. RumA-RNA-S-adenosylhomocysteine (SAH) ternary complex. This is the first RNA bound structure of a riboThe RNA in the RumA complex is folded into two structural elements and is bound at the concave sursomal RNA-modifying enzyme and of an RNA methyltransferase. The structure reveals that the bound RNA is folded into a unique conformation that allows the RNA to carry out functions that are usually performed Nucleotide flipping is a common strategy used in numethylation activity was obtained when the C1942rab RNA was used as a substrate. That is, the activity tocleic acid-modifying enzymes for the bases to gain access to the active site (Roberts and Cheng, 1998 help stabilize the nonsequential stack: R132 and R149 when the RNA is folded into the observed conformation. Thus, the folding of the 5# end loop is not only hydrogen bond to bases U1940, C1941, and C1942 in the stack, and R128 extends the stacking at U1940 necessary for presenting bases to the active site, it also provides a mechanism for selectivity of the enzyme. The U1939 base adopts a half-chair conformation, in which C5 and C6 are out of the plane with C5 pointing solvent. To complete the packing, the conserved F294 makes an edge-to-face interaction with SAH from the toward SAH and C6 pointing toward the catalytic cysteine C389 (Figure 6 ). The electron density shows that other side relative to A1937, similar to F18 of M. HhaI. Thus, in the RumA complex, A1937 is recruited to per-C6 is covalently attached to C389-SG through a thioether linkage ( Figure 6A ). C5 is sp 3 hybridized and is form the function that is performed by a protein residue in many other SAM-MTases. This dramatic reorientation attached to both the fluorine and the transferred methyl group, and clear electron density is observed for both of a nucleotide to bind the cofactor has not been documented before.
groups. Since both groups have nine electrons each and are symmetrically distributed around C5, their idenTo evaluate the contribution of this novel interaction on the methylation reaction, we measured the activity tities were assigned assuming that the density proximal to SAH corresponds to the transferred methyl group. of RumA toward the 37-mer substrate (1932-1968) with a riboabasic modification at A1937 (A1937rab). BeThe methyl group and SD of SAH are 3.3 Å apart, and there is no electron density between the two atoms, cause the base of the flipped-out adenine interacts almost exclusively with the cofactor, it is unlikely that the indicating that methyl transfer is complete (Figure 6 Figure S1A ). F417 contacts hence might serve as the general base required for abstraction of the C5 proton after the methyl transfer (inthe uracil ring through van der Waals interaction from the opposite side relative to F263. These two phenyl termediate 3). The D363A mutation resulted in complete loss of activity, whereas the D363N mutant enzyme had rings sandwich the uracil base, preventing it from moving along the axis perpendicular to the plane of the only 2-fold lower specific activity (1.5 × 10 3 mmole/min/ mole) than the wild-type enzyme. The hydrogen-bondbase. The guanidino group of R366 hydrogen bonds to O2# and O3# of U1939. The U1939 base; the side chains ing functions are retained in the D363N mutant, but the proton transfer character is lost. The retention of high of residues Q265, D363, and E424; and a water molecule (W3) form an intricate hydrogen bonding network activity by D363N eliminates D363 as the general base in the reaction; however, the loss of activity by D363A ( Figure 6B ). These interactions together hold the flipped-out U1939 in the productive conformation.
indicates the importance of retaining hydrogen-bonding capability at this position. Q265, D363, and E424 possess hydrogen bonding and proton transfer abilities and directly contact the target uracil. In order to investigate the functional roles of E424 Is the General Base these residues, we constructed conservative mutants E424 is within hydrogen bonding distance of O4 of the (Q265E, D363N, and E424Q) and also made alanine mutarget uridine and also is proximal to the C5 fluorine tants at each of these three positions. and Kilby, 1954). In contrast, both the wild-type enzyme Hence, it is well positioned to be the primary uraciland the mutant enzyme with significant activity (D363N) recognizing residue. Q265-NH 2 is also a hydrogen bond display linear reaction profiles (data not shown). For the donor to the carboxylate of D363, and a water (W3) E424Q mutant, the biphasic kinetic behavior can be exbridges Q265-OE1 and U1939-O2. These latter interacplained by a fast methyl transfer step followed by the tions maintain Q265 in the proper orientation for inslow resolution of intermediate 3 (Figure 1 ). Thus, in the teraction with the uracil base. In addition, Q265 is a E424Q mutant, proton abstraction and β elimination behydrogen bond donor to the carboxylate of the methiocome the rate-limiting step of catalysis. In this mutant nine moiety of the cofactor, suggesting a role of Q265 enzyme, the rate constant of proton abstraction as dein SAM binding as well. The Q265A mutant enzyme distermined from the slope of the second phase is 4.5 × plays a specific activity of 3.6 mmole/min/mole, 830-10 −4 s −1 . Although the same constant cannot be deterfold lower than that of the wild-type enzyme (3.0 × 10 3 mined for the wild-type protein, the absence of a secmmole/min/mole), whereas the Q265E mutant has no ond phase indicates that it is considerably faster than detectable activity. Thus, not only is the hydrogen k cat , i.e., 0.18 s −1 . Therefore, the E424Q mutation results bonding capability of Q265 required, but the very spein at least a 350-fold reduction in the rate of proton abcific hydrogen bonding character of an amide is restraction. Figure S2B, lane 2) . In contrast, the E424Q mutant single-stranded substrate in the complex is refolded on the enzyme into a compact conformation with many indoes not form a stable complex in absence of SAM tra-RNA interactions. The refolding thereby provides a ( Figure S2B, lane 3) suggesting that this mutation afmechanism for dynamic structure-specific recognition fects the relative stability of intermediates 2 and 2a, of the single target base in ribosomal RNA. Thus, it is possibly by changing the local electrostatic environnot only the sequence that is recognized by the enzyme ment. However, a stable RNA-protein complex is trapped but also the ability of the RNA to conform to the speciin the presence of SAM ( Figure S2B, lane 4) . This comfied conformation utilizing intra-RNA constraints that is plex is very likely the methylated intermediate 3. These in turn determined indirectly by the RNA sequence. This gel-shift experiments together with the kinetic data mechanism of selectivity that depends on the ability of prove that E424 is the general base in the β eliminathe enzyme-RNA complex to reach a unique quaternary tion step.
plex (
interaction, as well as sequence specific contacts, may be utilized by other enzymes that modify singleMechanism of Product Release stranded nucleic acids. A similar "self-recognition" mechThe conformation of U1939 and its contact with amino anism is employed by the Pot1 end-capping protein acids in the active site suggest a possible mechanism that binds telomeric single-stranded DNA, where the of product release. After the last step of catalysis (β tertiary intra-DNA interactions in the compact folded elimination) is complete, the C5=C6 double bond is DNA are essential for specificity ( Talon (Clonetech) column equilibrated with buffer A. The column was washed with buffer A containing 5 mM imidazole before eluting containing 1 mM MgCl 2 , 5 mM DTT, and 2.5 mM SAM at room temperature for 1 hr. The reaction mixture was then applied to a with buffer A containing 150 mM imidazole. Eluant from the Talon column was dialysed against buffer A, and the N-terminal (His) 6 -HiTrap Q column (Pharmacia) equilibrated with 20 mM Tris-HCl and 100 mM NaCl (pH 7.5). Separation was performed using a gradient tag was cleaved with thrombin (Novagen). The thrombin-cleaved protein was loaded on an SP-Sepharose column equilibrated in from 100 mM NaCl to 550 mM NaCl. The fractions containing the complex, as judged by SDS-PAGE analysis, were pooled and conbuffer A and was eluted with a gradient of 100-700 mM NaCl. Protein concentrations were determined using an extinction coefficentrated. The purified complex was dialyzed against 20 mM TrisHCl and 50 mM NaCl (pH 7.5). Crystals were grown using the hangcient, ⑀ 280 = 64600 M −1 cm 
